Summary
The development of composite materials consisting of reinforcing components based on synthetic fibres and matrices/binders of synthetic resins has created additional preconditions concerning the mass application of modern lightweight and high-strength constructional materials based on them in the motor and aerospace sectors of industry [1, 2] . Improvement in the service properties of filled polymer materials is achieved by using high-strength chemical fibres as fillers, and also by strengthening the interphase interaction between the indicated fillers and matrices/binders in the spinning of the composite materials themselves.
The production of high-strength technical and textile threads is carried out in practice by implementing processes of high-speed spinning and thermal drawing with the application of oiling agents (OAs).
The lubricants entering the composition of the OA give the threads and fibres smoothness, lubricity, and uniformity of friction. The application of surfactants as emulsifiers in the composition of OAs [3] additionally promotes the creation of the optimum stable dispersion of OAs, better wetting of the surface of the fibres by the OAs, and their easy removal from the fibres, which is necessary for subsequent activation of the surface of the fillers (fibres, roving, fabrics) for successful combination with the binder in the production of composite materials. The correct selection of the lubricants and surfactants not only guarantees an improvement in the structure and properties of the spun fibres but also improves their processability, and is an effective means of increasing the rate of the processes of spinning, drawing, and textile processing.
Textile auxiliary substances (TASs) include many surfactants, mineral and natural oils, esters of higher alcohols and acids, foam suppressors, and bactericidal and anticorrosion additives.
As regards designation, OAs for the production, in particular, of synthetic fibres can be divided into two main types [3] : OAs for the spinning of threads from a polymer melt (spinning OAs) and finishing OAs applied to the final thread.
The main purpose of spinning OAs is to ensure a rupture-free process of spinning, drawing, and texturing of thread and high-quality and stable winding of the undrawn thread, and the main purpose of finishing OAs is to ensure optimum processability of the finished threads by the users.
The aim of this work was to assess the main properties of surfactants and lubricants that most influence the selection of the optimum structure of spinning OAs used for practical implementation of processes of high-speed spinning of polyamide (PA) and polyester (PE) technical and textile complex threads. The classical composition of a spinning OA is presented in Table 1 .
From Table 1 it follows that, with the increase in the speed of spinning and textile processing from 800-1400 m/min to 2500-6000 m/min, OAs with mineral oils are being used increasingly less, as they do not meet the new conditions for the spinning and processing of threads. In the latest OAs used in high-speed processes of spinning, the content of mineral oil has been reduced from 50-70% to 20-30%, or it has been dispensed with entirely, replaced with other lubricating components:
• With esters of fatty carboxylic acids and natural and synthetic alcohols with the general formula RCOOR¢; R is the residue of fatty acid (lauryl, oleyl, palmityl, and so on); R' is the residue of alcohols (methyl, ethyl, butyl, and so on). Of all the esters of the given group, the most widely used is butyl stearate, possessing good lubricating properties but low heat resistance, and therefore it is used in low-temperature processes of thread production.
• With diesters of carboxylic acids (esters of adipic and sebacic acids of the general formula ROCO(CH 2 ) n COOR, where n = 2, 4, etc.). In the case of diesters of carboxylic acids, along with good lubricating properties, there is a significant increase in heat resistance, which makes it possible to use them at elevated temperatures.
• With esters based on carboxylic acids and polyhydric alcohols (pentaerythrite, trimethylolpropane, sorbite, etc.), possessing excellent lubricating and heat resistance properties.
The expediency of using esters as lubricating components (row 2 in Table 1 ) is due to a number of advantages over mineral oils: lower viscosity, lower volatility, thermooxidative hydrolytic stability, biological cleavability.
The main aim of oiling is to separate the surface of threads and fibres from the surface of the threadcarrying assembly with a film consisting of polymolecular layers of TASs fairly strongly bound with the thread and not removed as it moves. Here, the most important parameters of the OA are the friction properties, which must be optimum, i.e. must ensure a rupture-free drawing process at each thread transition, the required level of physicomechanical properties of the drawn thread, and no slippage of threads from the packages [3] [4] [5] .
Undoubtedly, a key role in controlling the friction properties of threads is played by oils, but surfactants also have a marked effect on the friction properties.
In view of the fact that, at the spinning stage, a thread should acquire an equilibrium moisture content for the given polymer to avoid subsequent slippage of freshly spun thread from the spinning package by absorption of moisture from the air, the spinning OA is applied to the thread in the form of 5-20% aqueous emulsions. Thus, surfactants in the composition of the spinning OA primarily fulfil the role of emulsifiers ensuring the emulsification of oils, stability of the concentrate, and the washing out of OA from the thread, and also the role of wetting agent and static eliminator. Practically every surfactant in the OA can at the same time fulfil a number of other functions.
Among the many requirements laid down for surfactants as TASs, the principal requirements are as follows [5] :
• high emulsifying power in relation to oils of different chemical nature;
• good wetting power;
• low foaming and high heat and hydrolytic stability;
• low toxicity, high biodegradability, and strong antistatic action in relation to fibres of different chemical nature.
In a number of studies [1] [2] [3] [4] [5] it has been noted that nonionogenic surfactants, primarily oxyethylated derivatives of higher fatty alcohols and acids, have been most widely used in the composition of OAs. In particular, use is made of polyglycol esters of fatty acids: The advantages of non-ionogenic surfactants are their high emulsifying and wetting power, their low toxicity, and their compatibility with anionic surfactants and cationic surfactants. Among the anionic surfactants, greatest use has been made of salts of carboxylic acids, alkylsulphates, and alkylphosphates, which are good wetting agents and emulsifiers. Alkylphosphates additionally possess high antistatic and anticorrosion properties. Cationic surfactants find limited application (salts of amines, etc.), as they are incompatible with anionic surfactants, cause yellowing of fibres, and have high toxicity and corrosion activity. The list of requirements laid down for the properties of the OAs changes according to the type of fibre and its production technology.
Large-tonnage processes realised by different methods include processes of production of polyamide (PA) and polyester (PE) textile threads [1] [2] [3] . Such threads are produced by the classical scheme with separate stages of spinning, drawing, and texturing at a spinning rate of up to 1500 m/min. Another method of their production, making it possible simultaneously to produce high-strength threads, is their high-speed spinning at a rate of up to 6000 m/min. Here, the thread is produced with partially oriented yarn (POY) or highly oriented yarn (HOY). Further, depending on their designation, the obtained threads are subjected to thermal drawing (smooth) or to thermal drawing combined with texturing at a speed of 600-1200 m/min.
With the realisation of the indicated final stages of high-speed spinning, additional problems arise that can be avoided not only by changing the design of the texturing machines and the surface structure of the friction discs (ceramic, plasma coating, polyurethane) but also by changing the formulation of the OAs. These problems primarily include increased friction between the drawn thread and the metal surface of the heated discs, inadequate cohesion between the individual filaments of the thread, and the formation on the heated elements of a layer of deposit consisting of oligomer and components of the compound used.
The implementation of thermal drawing with high spinning speeds under conditions of increase in the texturing speeds to 1200 m/min [3] leads to a reduction in the contact time on the heating surfaces (discs, irons) and necessitates an increase in their temperature. It must be noted that, for uninterrupted operation of the equipment, smoke formation must be avoided to the maximum possible degree, and also deposits of OAs on heating elements.
Under the conditions that have developed, the primary requirements laid down for OAs have become heat resistance, good wettability, and optimum friction and antistatic properties. Generally, heat-resistant OAs, on account of their insignificant coking capacity, simultaneously ensure a constant initial wettability of the surface of the fibres and lubricity, retain optimum friction along the fibres and threads, and protect them against damage by the abrading action of the threadcarrying assembly.
As practically all organic substances break down at a temperature above 200°C, it is uncharacteristic for the optimum OA to form resinous deposits in the course of degradation. In the case of their formation, degradation products should be removed easily from the surface of irons, for example. OAs satisfying this requirement possess the indicated heat resistance or volatility without residue [5] . The second way is less effective, as removal by ventilation of highly volatile substances, on account of the evaporation occurring, in individual cases clogs the piping and assembly of the equipment used, and requires additional reapplication of the OA.
To solve the given problem, leading companies, Takemoto (Japan) and Hoechst (Germany), use aqueous solutions of OAs in high-speed spinning instead of the classical "oil in water" emulsions. To this end, as lubricants, use is made of copolymers of ethylene and propylene oxides (Newlon; Takemoto, Japan) or modified polyethylene glycols (Pluriol HF; BASF, Germany) [6] .
In turn, at VNIISV, OAs consisting solely of surfactants have been developed and received approval under pilot-plant conditions. These are primarily heat-resistant organophosphorus surfactants possessing a low coking capacity, based on lower (C 3 , C 4 ), medium (C 7 -C 9 ), and higher (C 10 -C 18 ) alcohols. Tangible results as regards increase in heat resistance and reduction in coking capacity with retention of wettability have been obtained in the process of modifying ionogenic surfactants, in particular water-soluble polyethylene glycols (PEGs) of 200-1500 molecular weight having the general formula R-(OC 2 H 4 ) n OH, where n = 4, 9, and 35.
It was established that the properties of modified PEGs (general formula H(OC 2 H 4 ) n X, where R represents alkyls C 10 -C 18 , n = 20, and X is Cl, OCOCH 3 , and OCOCl 3 ) can be changed in a wide range not only by varying the length of the hydrocarbon radical R but also by substituting the terminal OH group with different acyl and chloroanhydride groups. Here, in modified PEGs, generally, there is an increase by 30-35°C in the heat stability (the breakdown temperature reaches 275-280°C), the coking capacity decreases from 7-8% to 3-5%, wettability improves, and friction decreases [3] [4] [5] [6] [7] .
However, in many cases, selection of the OA formulation is additionally complicated by the absence of exhaustive information about their properties. Available literature data on the characteristics of surfactants have an incomplete and at times contradictory nature, which makes difficult any objective assessment of the practical suitability of a specific surfactant in order to determine the area of its application. This is promoted by differences in procedures for investigating the properties of surfactants, and also a strong influence even of a small amount of impurities on the colloid-chemical properties of surfactants.
Analysis of experience in Russia, and also information from foreign companies specialising in the area of creating OAs, made it possible to determine the base range of surfactants to be produced on an industrial scale and used in practice as TASs [8, 9] . Table 2 presents the results of investigations of the properties only of some studied industrial surfactants of different chemical structure, conducted at VNIISV by the same types of procedure, which makes it possible with high reliability to predict the behaviour of surfactants in the composition of the OA.
The following properties are used to characterise surfactants as TASs:
Colloid-chemical properties

Wave number
The wave number was determined by water titration of 3% solutions of surfactants in a mixed organic solvent (dioxane 96%, benzene 4%) to the final cloud point [9] . This is a relative characteristic of the magnitude of the hydrophilic/lypophilic balance (HLB), which characterises the polarity of the molecules.
Surface tension
The surface tension s x of a 1% aqueous solution at the liquid-air boundary was determined by the du Nouy ring method using a Kruss tensiometer (Germany).
Calculation is carried out by means of the formula:
where W st and W x are the separation force from a standard and the test liquid, and s st is the surface tension of the standard liquid.
Wetting angle
The wetting angle Θ of PA and PE film by a 1% surfactant solution was determined by measuring the diameter and height of an inverted drop image projected onto a screen through a diaprojector, calculated by means of a formula for hydrophilic surfaces (Θ < 90°) [12] :
where Θ is the wetting angle, r is the radius of the drop, and h is the height of the drop. When surfactant is introduced into the composition of the OAs, a simultaneous reduction in the surface tension s x (Section 1.2) is achieved, to a value of ≤33 mN/m, and a wetting angle Θ ≤ 32° (Section 1.3), ensuring in practice the necessary wetting of the surface of PA and PE threads.
Physical properties
Electrophysical properties
The electrophysical properties of the threads, characterised by their electrical resistivity, were determined on an IESN-2 instrument according to the GOST 19806 standard. Threads were pretreated with 1% solutions of compounds. After determining the surface electrical resistivity of threads R meas , the electrical resistivity was calculated by means of the formula:
where ρ is in Ω cm, n is the number of filaments, T is in tex, and γ is the density of the fibre (g/cm 3 ).
The electrical resistivity of initial PA threads not treated with surfactants amounts to 10 13 -10 14 Ω cm, and that of PE threads lies in the range 10 12 -10 13 Ω cm. Retention of compactness and the absence of electrification of threads are observed after treatment with surfactant, when ρ PA ≤ 10
12 Ω cm and ρ PE ≤ 10 11 Ω cm.
Breakdown temperature of the surfactant
The breakdown temperature of the surfactant was determined on a derivatograph by analysing derivatograms with 5% weight loss of specimens placed in a furnace. The rate of equilibrium rise in temperature during tests amounted to 5°C/min.
Water solubility
Water solubility was established from the appearance of a 1-5% solution.
pH of the solution 2.5 Volatility of the compound
The volatility of the compound was assessed from the weight loss of a sample of 0.3 g weight during holding in an oven for 1 h at a temperature of 200°C from the form of the residue after heating. 
Friction properties
The friction properties were assessed from the friction coefficient of thread, measured against mat metal on an F-meter (Rodshield) with a thread speed of 300 m/min. A friction coefficient of less than 0.32 ensures unbroken processes of spinning and drawing of PA and PE threads. Retention of the friction coefficient within permissible limits is achieved by appropriate selection of the formulation of the surfactants used ( Table 2) . Table 2 presents four groups of non-iogenic surfactants (rows 1 to 7) and one group of anionic surfactants -alkyl phosphates (rows 18 to 22).
The absence in Table 2 of properties for compounds in rows 1 and 2 is due to the impossibility of applying them to thread on account of their water insolubility. Detailed information about the chemical composition of the compounds used is given below. Row 22 -Butaphos-K; general formula C 4 P 9 POOK.
As can be seen from Table 2 , compounds of the first group (rows 1 to 4 and 6 to 8) have poor water solubility and act as an oil-soluble emulsifier in the composite. Non-ionogenic surfactants based on oxyethylated acids have fairly high surface activity (rows 3 to 7, column 5). The given property, combined with a low wetting angle, ensures a good wetting power by polyethylene glycol esters of lauric acid of the surface of PA and PE threads. Chemical compounds of the given group possess satisfactory antistatic properties (especially on PE thread) and the lowest friction coefficient (rows 4 to 7, columns 13 and 14). Furthermore, surfactants based on lauric acid are not heat stable, but have high volatility (rows 4 to 7, column 7) within the 68-81% range and after heating form on the surface of the heating elements easily removable oily deposits. This, according to the conducted investigations, enables them to be used in processes of producing high-strength PA and PE threads at high spinning speeds (up to 6000 m/min).
The group of neonols (oxyethylated nonylphenols with different degrees of oxyethylation) presented in the table are among the most heat-stable surfactants. The breakdown temperature of the indicated compounds, determined by thermogravimetry, lies in the range 260-285°C and governs their low volatility (column 7). Exhibiting good wetting power (columns 9 and 10), the neonols give PA and PE threads a fairly low friction coefficient (columns 13 and 14). At the same time they possess an effective antistatic action. It is for these reasons that oxyethylated nonylphenols are being used increasingly widely as emulsifiers and lubricants in the composition of heat-resistant OAs in the production of high-strength fibres. Oxyethylated alcohols ( Table 2 , rows 12 to 16) occupy a special place when it comes to use as TASs. By varying the length of the hydrocarbon chain and the degree of oxyethylation in a wide range, it is possible to produce surfactants with different emulsifying powers, adequate surface activity, and different degrees of water solubility. Oxyethylated alcohols provide the threads with low friction, and with a degree of oxyethylation of 20 (row 16) they exhibit increased antistatic properties.
However, the indicated compounds are inferior to nonylphenols in heat resistance. Therefore, it is preferable to use the given variety of surfactants in the composition of OAs not subjected to high temperatures, in particular when realising the classical schemes of spinning of PA and PE threads. In modern high-speed spinning processes, accompanied with the production of high-strength threads, block copolymers of ethylene oxide and propylene oxide (for example, Proxanol TsL-3) are widely used owing to their excellent lubricity and antistatic properties and high flow index, which reaches 96% without the formation of residue ( Table 2 , row 17).
Alkyl phosphates (rows 18 to 22) are among the most effective anionic surfactants. The properties of alkyl phosphates vary in a wide range, depending on the length of the hydrocarbon radical, the presence of OE groups (row 18, in comparison with rows 19 to 22), and the form of the cation. Particular advantages of alkyl phosphates are their high antistatic properties and low friction. The Oxyphos compound ( Table 2 , row 21), in which high surface activity and good wetting, antistatic, and friction properties are combined, has found greatest practical application.
The results of the conducted investigations (Table 2) indicate that the physical and colloid-chemical properties of the surfactants differ significantly from each other.
In specific cases, by using combinations of different surfactants in the composition of oiling composites, their properties can be varied in a wide range.
Assessment of the properties of individual surfactants and OA's is above all necessary at the stage of preliminary selection of the optimum components. The role of laboratory investigations of the colloid-chemical and physical properties of surfactants increases particularly under conditions of switching from the use of classical oil/water emulsions to the use of aqueous solutions of surfactant mixtures. Their careful analysis makes it possible to accelerate the development of the OA to produce high-strength technical threads.
When comparing the specific OA formulations, the following sequence of procedures is proposed: initially, the optimum ratio of lubricant and surfactant is selected experimentally to produce a stable concentrate and emulsion of OA. Then, the surface tension, the wetting angle, the heat resistance (volatility), and the antistatic and friction properties of threads are assessed. When necessary, the OA formulation is corrected so that the required properties are achieved. After successful pilotplant tests, the OA can be recommended for practical application.
A similar approach can be used in other cases of creating finishing compounds for the production of special-purpose fibres in the manufacture of polymer composites.
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